Fertilizers are utilized to increase productivity through improved crop growth and yield potential. However, steady declining availability of synthetic fertilizers is becoming a growing concern to the World's food production industry. At the same time, there is increasing evidence that non-optimal (not applied at the right time and either at too high or too low dosages) applications of fertilizers may adversely affect the biochemical, physiological and morphological characteristics of crop plants, which in turn can adversely influence their resistance and/or increase their host suitability to pests. In this mini review, we discuss studies of spider mites (Acari: Tetranychidae) and their natural enemies to argue that, as part of a precision agriculture approach with temporally and spatially targeted applications, there is clear justification for more applied and basic research into smart-use of fertilizers as part of crop protection and research into "plant medicine".
Introduction
Fertilizers are utilized to increase agricultural and horticultural productivity through improved crop growth and yield potential. In this mini review, we discuss studies of spider mites (Acari: Tetranychidae) and their natural enemies to argue that, as part of a precision agriculture approach with temporally and spatially targeted applications, there is strong justification for more applied and basic research into smart-use of fertilizers as part of crop protection and research into "plant medicine". Growing empirical evidence supports the hypothesis that effective management of crop nutritional content (i.e. through spatio-temporal timing of fertilizer applications) may be a strategy to minimize crop losses due to pest infestations (Altieri & Nicholls, 2003; Amtmann, Troufflard, & Armengaud, 2008; Culliney & Pimentel, 1986; Zehnder et al., 2007) . Such a strategy was originally proposed more than 60 years ago (Haseman, 1950) and might be of considerable interest to a wide spectrum of growers and consumers with concerns about current reliance and dependence on pesticide applications (Nansen & Ridsdill-Smith, 2013 ).
Spider mites. Many species of mites cause severe leaf damage to a wide range of agricultural and horticultural crops and trees (Gerson & Weintraub, 2012) . Two-spotted spider mites (Tetranychus urticae, Koch) are of great economic concern (https://edis.ifas.ufl.edu/in307), reportedly infesting over 1,100 plant species worldwide (Grbic et al., 2011) . Females of two-spotted spider mites complete a generation in 2 to 3 weeks and lay more than 100 eggs in their life time (Gerson & Weintraub, 2012) . It is quite noteworthy that spider mite infestations are almost always associated with crops grown under moderate to severe levels of abiotic stress or unbalance induced by: 1) drought [sorghum, Sorghum bicolor (L.) Moench (Stiefel, Margolies, & Bramel-Cox, 1992) , soybean, Glycine max L. (Klubertanz, Pedigo, & Carlson, 1990) , Cowpea, Vigna unguiculata (L.) Walp (Abdel-Galil, Amro, & Abdel-Moniem, 2008) , and maize (Zea mays L.) (Perring, Holtzer, Toole, & Norman, 1986; Toole, Norman, Holtzer, & Perring, 1984) ], or 2) fertilizer (Amtmann et al., 2008; Chen et al., 2007; Garman & Kennedy, 1949; Machado et al., 2000; Rodriguez, 1951; Rodriguez & Neiswander, 1949) . In other words, risk of spider mite infestations may Katrina West 1 , Christian Nansen 1,2 Smart-use of fertilizers to manage spider mites (Acari:
Tetrachynidae) and other arthropod pests be partially mitigated by minimizing the risk of crops growing under conditions with abiotic stress or unbalance. Spider mite population dynamics are favored by hot and dry conditions (Perring et al., 1986) , so concerns are being raised about a possible future increase in crop losses by spider mites as a result of climate change (Martini, Kincy, Vaughn, Dever, & Nansen, 2013 ). An important challenge regarding effective spider mite control is that, according to the Arthropod Pesticide Resistance Database (APRD, http://www.pesticideresistance.org/), two-spotted spider mites have developed resistance to 93 active ingredients. The concerning ability of two-spotted spider mites to develop pesticide resistance has been known for over four decades (Helle & Overmeer, 1973) . It is therefore critically important to identify pest management strategies with reduced reliance on miticides.
Crop fertilization and host plant resistance. There are a wide range of complex interactions between crop fertilization and the host plant resistance of crops to arthropod pests. Crop fertilization directly influences digestibility (thickness of cell walls and content of structural compounds, such as, lignin and cellulose), nutrient content, and the synthesis of defense compounds (e.g. antioxidants, alkaloids, terpenoids, phytoalexins, flavenoids, etc). Low digestibility and nutrient content adversely affect arthropod growth and fitness, and higher plant contents of constitutive and inducible defense compounds also reduce arthropod growth and fitness. As an example, Amtmann et al. (2008) provided an excellent review of the role of potassium fertilization on host plant resistance, and showed that there is generally a positive association between potassium fertilization and host plant resistance. Altieri and Nicholls (2003) thoroughly reviewed the role of nitrogen and showed that there is generally a negative association between nitrogen fertilization and host plant resistance. It is important to highlight that the interactions between crop fertilization and the host plant resistance of crops are typically non-linear (so too much fertilizer may be as detrimental as too little) and influenced by crop growth stage and physical soil characteristics, such as pH. Another example is the article by Huberty and Denno (2004) , which outlines an intriguing hypothesis about how "pulsed drought stress" affects the availability of nitrogen. Therefore the incorporation of a fertilization regime into a pest management strategy needs to be considered in the context of other potential stress factors, such as, water availability.
Crop fertilization and host selection by spider mites. Numerous studies have demonstrated that fertilizer regimes can affect crop susceptibility to spider mites (Acari: Tetranychidae). Rodriguez (1951) conducted a very detailed study of relationships between experimental fertilization regimes applied to tomato plants (Solanum lycopersicum L), mineral uptake in leaves, and spider mite population development. The main conclusions from this excellent study were that there are complex interactions between minerals and that spider mite population development: 1) was negatively correlated with nitrogen, sulfur, and boron fertilization, 2) showed a bell-shaped response to phosphorous, 3) showed a positive response to silicon, magnesium and potassium, and 4) was unaffected by calcium. Despite the negative effect of nitrogen, Rodriguez (1951) referred to earlier studies demonstrating positive association between spider mite infestation and fertilizer applied (Garman & Kennedy, 1949; Rodriguez & Neiswander, 1949) , and showed that spider mite populations doubled when the concentration of all the major elements in the nutrient solution was doubled. Chow, Chau, and Heinz (2009) also studied interactions between soil fertilization and spider mite development. They found that the leaf content of phosphorous in cut roses (Rosa hybrida L) increased in response to increased nitrogen fertilization, but this increase did not cause significant increase in population densities of spider mites. However, Chow et al. (2009) found that spider mite densities were positively correlated with levels of nitrogen fertilization. Chen et al. (2007) found a positive correlation between nitrogen and phosphorous concentrations in three foliage strata of ivy geranium, Pelargonium peltatum (L.) and within-plant distribution of spider mites. The abovementioned studies were all conducted under experimental lab and/or greenhouse conditions. However under field conditions, Machado et al. (2000) suggested that "hot spots" with high spider mite infestations in maize fields were associated with drought stress and plants growing in parts of fields with high levels of NO3-N in soils. Thus, there is strong evidence of a positive developmental response by spider mites to nitrogen-rich crops.
Based on choice experiments with excised leaf pieces (bio-response) and macro-element analyses, Nansen, Sidumo, Martini, Stefanova, and Roberts (2013) conducted multivariate analysis and showed that, among the main nutritional elements, potassium content showed the strongest correlation with spider mite bio-response. found a strongly negative effect of leaf potassium content and spider mite bio-response. The latter result is corroborated by a review of over 2,000 studies regarding effects of potassium on pest and disease incidence in plants, in which Perrenoud (1990) found that in 63% of these studies, application of potassium led to a decrease in pest pressure.
Predatory Insect Preferences. Predatory mites, such as
Phytoseiulus persimilis (Acarina: Phytoseiidae), have been utilized as an efficient and natural form of pest management for more than 100 years (Shimer, 1868) . However, the performance of predatory mites as control agents of spider mites may be indirectly affected by fertilizer applications. Chow et al. (2009) found that 163 reduced nitrogen fertilization combined with releases of predatory mites provided almost twice as effective control of two-spotted spider mites as predatory mites alone. Thus regarding horticultural production of cut roses, Chow et al. (2009) concluded that use of predatory mites as biological control agents was substantially aided by reducing plant fertilization to 10% of the recommended level without loss of productivity. Walde (1995) assessed the tri-trophic interaction between nutritional qualities of apple trees, the developmental rates and density of a phytophagous mite (Panonychus ulmi) and its natural predatory mites (Typhlodromus pyri and Zetzellia mali). Both predators had a greater impact on prey populations when nitrogen fertilizer levels applied to apple trees were low. Walde (1995) concluded that the increased population growth of P. ulmi on trees subjected to higher nitrogen was attributed to proportionally higher growth rates by the prey. This may explain the increased effectiveness of predatory mites in reducing spider mite infestations in plants fertilized at only 10% of the recommended level (Chow et al., 2009 ).
Although we are unaware of studies supporting this claim, it seems possible that the nutritional quality of host plants may partially affect the nutritional quality of spider mites as prey for the predatory mites. In a recent study, Prager, Martini, Guvvala, Nansen, and Lundgren (2014) , examined the choice feeding behavior of predatory mites and demonstrated that spider mites cultivated on maize plants expressing Bt toxins (Bacillus thuringiensis) were significantly less preferred compared to spider mites cultivated on maize without the Bt toxins. The study by Prager et al. (2014) highlights that predatory mites are able to assess the quality of their prey and underscores the importance of more research into the tri-trophic interactions between the nutritional composition of host plants, feeding and development of herbivorous pests, and the performance of natural enemies.
Concluding remarks. Spider mites are cosmopolitan pests, and they cause significant losses in a wide range of food and fiber production systems. Effective management of this pest is hampered by very high levels of resistance to miticides. It is therefore important to develop alternative management practices with less reliance on miticides. Interestingly, spider mite infestations are frequently associated with host plant growing under moderate to severe levels of abiotic stress, and fertilizer applications greatly impact the occurrence of spider mite infestations and therefore the risk of them causing economic losses to crop production. We argue that, as part of a "preventive medicine approach" , it is important to consider smart-use of fertilizers as part of existing pest management strategies. That is, spatial and temporal targeting and accurate dosing of fertilizers may improve crop health, boost resistance to arthropod pests and pathogens, and increase the effectiveness of natural predators in controlling pest populations. Subsequently, this will reduce the need for pesticide applications and minimize resistance of spider mites to various miticides.
